Thermosets and composites were prepared from blends of epoxidized waste vegetable oils and diglycidylether of bisphenol-A to investigate this material as an alternative triglyceride source for oleochemistry. Purifications were developed to remove impurities derived from thermal degradation in the frying process and different epoxidation methodologies were investigated.
Introduction
Vegetable oils (VO) gained prominence in the last decade as an alternative bio-based platform for several technological applications. Characteristics such as its renewability, price and considerable availability all over the globe categorizes VOs as a key component for the future of green materials. [1, 2] Currently, epoxidation represents the most commercially important transformation of VOs to produce adhesives, plasticizers and bio-based epoxy resins. [3] [4] [5] However, particularly with epoxy resins, structural characteristics of the triglycerides such as the long aliphatic chain directly affect the structural properties of the material. Typically, these resins originate thermoset polymers with inferior mechanical performance when compared to commercial resins based on diglycidyl ether of bisphenol A (DGEBA). [6] To overcome these drawbacks, partially bio-based blends of epoxidized vegetable oils (EVOs) with DGEBA have been extensively explored to produce materials allying bio-based content and enhanced mechanical properties. The production of DGEBA/epoxidised soybean oil (ESO) blends cured in the presence of methyl nadic anhydride (MNA) and phthalic anhydride (PA) are reported and the bio-based materials increased the impact properties and adhesive strength. [7, 8] Similar systems based on different EVOs derived from castor oil [9] , crambe oil and rapeseed oil [10] were also investigated and proved both excellent thermal stability and improved toughness in comparison to DGEBA analogous. In these systems, authors could detected the influence of bio-based content on properties such as peak maximum temperature, cure activation energy, initial decomposition temperature and temperature of maximum degradation rate. [9, 10] Similarly, DGEBF blends with epoxidised linseed and soybean oil were also reported and promoted great improvements in Izod strength, fracture strength and tensile properties. [11, 12] Although the literature presents a collection of studies in this topic, cost has restricted the industrial application of these materials as they remain uncompetitive in comparison to the petroleum-based resins. [13] Moreover, the use of edible oil for engineering proposes rise discussions about the ethical use of land, the exclusion of VOs from the food chain and how it can negatively affect the price of staple markets. [14] In this regard, the production of bio-based materials from non-edible sources have been chased in a number of works and in particular castor oil has been demonstrating applicability in a range of areas. [15, 16] A promising yet underexplored alternative source of triglycerides is waste vegetable oils (WVO), emerging as candidate to satisfy the need for low cost materials that also does not compete as feedstock.
Currently, technological use of WVO is limited to its conversion into methyl esters and use as biodiesel [17] , strategy which proven to be a successful alternative to reduce cost of the final materials in comparison to the use of neat oil sources. [18] Furthermore, technological valorisation of WVO also addresses a the serious environmental problem associated to incorrect disposal that contributes to severely compromising aquatic life (as a result of oxygen depletion). [19, 20] In the EU, it is estimated that over 700 000 tonnes of WVO are generated yearly whilst in the Chinese market this scale jumps to 4.5 million tonnes per year, representing a large scale issue that urges to be addressed [21] The biggest challenge to implement WVOs as a manufacturing platform is their heterogeneity as consequence of the reactions caused by the frying process. The combination of heat, air and water induces a series of interconnecting transformations that generate a complex mixture of byproducts. [22, 23] Hydrolysis of the ester bonds that link the fatty acid chains to the glycerol backbone forms free fatty acids, mono-and diglycerides. Thermal oxidation reactions are triggered by the formation of allylic radicals due to the relatively low bond energy between the hydrogen and the allylic carbon, which causes differences in oxidative stability of stearic, oleic, linoleic and linolenic acid derivatives. [23] Similarly, polymerization mechanisms are initiated by allylic radicals and produces dimers either through the combination of allylic radicals through the creation of a C-C bond or via C-O linkages by the combination of allyl and alkoxy radicals. [24] These products can repeatedly react and combine to create higher molecular weight species from trimers to polymers that deeply affect the physical and chemical characteristics of the oil. [25] In this work, the incorporation of epoxidized WVO in DGEBA formulations was studied to evaluate these materials as alternative sources of triglycerides for the production of thermoset polymers.
Purification methodologies were developed targeting the elimination/reduction of by-products formed during frying and WVO (and analogous) were epoxidized via different methodologies to comprehend factors that could affect the creation of oxirane rings, characteristic that is crucial to obtain materials with satisfactory mechanical properties. Later, milled recycled carbon fibres (MCF) were added to the blends to promote the recovery of mechanical properties and further reinforcement.
Experimental

General considerations
Virgin and waste vegetable oil samples (blend of rapeseed/palm oil) used as frying medium for 4 days were collected from food outlets 
Purification with activated carbon
Activated carbon (5 g) was added in a beaker with concentrated HNO3 solution (10 mL, 70%) at 
Epoxidation with m-chloroperbenzoic acid (mCPBA)
In an ice bath (T< 25°C), WVO (25 mL, 2.810 -2 mol, 610 -2 mol of double bonds, 1 equiv.) was added in a round bottom flask and dissolved in CH2Cl2 (150 mL). mCPBA (17.4 g, 6.610 -2 mol, 1.1 equiv.) was dissolved in CH2Cl2 (100 mL) and slowly added (over 10 min). The reaction flask was kept at T< 25°C throughout the whole addition process. Once finished the addition, the ice bath was removed to permit the temperature to be raised to room temperature. The reaction was kept under stirring and room temperature for 1.5 h. The resulting solution was filtered to remove by-products and washed with solution of 5 wt % of Na2S2O5 and 5 wt % of NaHCO3. The resulting oil was dried over MgSO4, filtered to remove the drying agent and the solvent was removed using a rotatory evaporator. The final product was a white oily solid (68 % yield). (C=O), 1099 (C-O), 844 (C-O-C epoxy ring), 722 (CH2).
Preparation of blends and composites
Super Sap CLR ® commercial resin was used as base for the production of the thermosets. A certain amount of bio-based resin was added to the commercial epoxy resin (Part A) in a beaker according to the targeted formulation in such way that the sum of both parts would be approximately 10 g. Composites were prepared similarly and the reinforcing agent (milled recycled carbon fibres, MCF) was added after the part B was blended to the epoxy part in a weight percentage in regard to the total mass of the mixture. Formulations with 1 wt %, 5wt %, 10 wt %, 20 wt % and 30 wt % were prepared using a fixed bio-based content of purified oil at 10 wt %.
Results and Discussion
Purification
As there is no literature supporting the purification of WVO specifically for the production of epoxy resins, different purification procedures were tested based on existing methodologies reported for the biodiesel area. [26, 27] These procedures target the removal of highly oxidized compounds formed by the frying process (e.g. aldehydes) and hydrolysis products such as mono-and diglycerides. Samples were purified by extraction of polar products with water at 60 C (single and multiple extraction) and adsorption with activated carbon and chemically modified activated carbon with nitric ions as described by Vásques et al. [27] This permitted the classification of the oil samples in three different categories:
neat oil, waste oil and purified waste oil. Although methodologies such as recrystallization, distillation and column chromatography are also reported in the literature for the manipulation of organic compounds, none of them proved to be satisfactory in terms of vegetable oil purification due to low efficiency and use of high temperatures/large volumes of solvent, which compromises the scalability of the procedure. [29] 1 H NMR analyses were used to track the presence of by-products of frying process and its sequential removal by the purification. Comparison of the spectra of neat and waste oil reveals the reduction of double bonds as detected by the reduction of resonance peaks at 1.94 -2.14 and 5.26-5.40 ppm associated with α-allylic and allylic protons respectively. [30] Furthermore, the spectra also confirm the presence of by-products at 3.72 and 5.08 ppm associated to glycerol backbone in 1,2-diglycerides. The broadening of the double duplet between 4.00 -4.35 ppm is due to the presence of 1,3-diglycerides and the shoulder at 4.18 ppm is assigned to 1-monoglycerides whereas minor signals at 9.75 and 9.5 ppm are specifically associated with n-alkanals, (E)-2-alkenals and (E,E)-2,4-alkadienals. [31, 32] Investigation of spectra of samples after performing the purification methods demonstrated that all methods were efficient to remove highly oxidized compounds as signals at the 9 -10 ppm region were eliminated. However, partial removal of mono-and diglycerides evidenced by the reduction of signals at 3.72 and 4.18 ppm was exclusively identified in the purification procedures by aqueous extraction.
These observations are illustrated in Figure 1 . Based on these findings, the purification process based on multiple washings of the oil with water at 60 C was elected as standard procedure for the preparation of the WVO for chemical modifications. 
Epoxidation
Samples of waste vegetable oil, neat vegetable oil and purified oil were epoxidized by methodologies based on peracids (A -acid catalyst, B ion exchange resin (AIER) catalyst) and mCPBA (C). The molar ratios of the oxygen donor and oxygen carrier, as well as the ion-exchange resin was decided according to optimization studies carried by Dinda et al. [33] The same procedure was also repeated without the ion-exchange resin but in the presence of 1 wt % of H2SO4 as a catalyst, however both Interestingly, ATR-FTIR spectra of samples epoxidized by the methodology A revealed that the reaction led to insignificant reduction of the double bonds and no formation of oxirane rings. This suggests that in the absence of AIER, the transference of reactive species (peracids) from the aqueous phase to the oil phase is being strictly regulated by the limited miscibility of the phases, therefore compromising the formation of the desired products. [35, 36] Epoxidation procedures were further comprehended via 1 H NMR. Disappearance of resonance peaks at 5.26 -5.40 ppm (signal a) and 1.94 -2.14 (signal e) supports FTIR data by indicating the consumption of the double bonds. New signals assigned to protons in the oxirane ring are found at 2.9 -3.2 ppm and signals at 1.45 ppm that are associated with protons in alpha position to one oxirane whilst those at 1.75 ppm are associated to protons alpha to two oxirane rings. This collection of signals confirms the formation of the desired product as illustrated in Figure 3 . Signals m and k were exclusively found in products derived from NVO once they are specifically associated with products from highly unsaturated neat oil since they derive from bisallyic protons. Table 1 presents conversion and selectivity extracted from the 1 H NMR spectra. Conversion is defined as the proportion between the initial number of double bonds and amount consumed by the reaction as detected through the resonance peak that represent allylic protons, whilst selectivity is the relationship between the number of oxirane rings formed in comparison to the number of double bonds initially present in the structure. [37] Difference between conversion and selectivity observed in methodology B
indicates that double bonds are being partially converted to other functionalities rather than epoxy by side-reactions. These by-products are formed under the explored conditions of the methodology B due to the reactivity of the oxirane ring versus nucleophilic species. [28] However, a different behaviour is observed for Methodology C as it exhibits remarkable correlation between conversion and selectivity, indicating minimum formation of side-products as consequence of less nucleophilic species being formed. Although findings from Methodology B showed the purification has no significant impact on the reaction parameters, data from Methodology C demonstrated that the purification with aqueous extraction positively affect the formation of the desired products in both methodologies. These results suggest that species present in the WVO decrease the selective reactivity of mCPBA, although no direct observation of this effect has been done.
Blends
Chemically modified oils prepared by the methodology C were selected for the preparation of blends due to its higher number of oxirane rings per triglyceride unit. All samples (ranging from 5 to 30 wt % of bio-based epoxy resin) proved to be curable in the same conditions as the commercial epoxy resin and DSC analysis were performed to investigate their cure behaviour in depth. Enthalpies of curing where approximately 50% of reduction is observed. This behaviour is followed by a significant change in elongation, as presented in Figure 5B . An increase of up to 900% on average elongation is detected in samples prepared with 30 wt% of EPVO in comparison to the commercial sample. As extensively discussed by Miyagawa et al., these observations are consequences of the lower number of oxirane rings associated with their lower reactivity that manifests more actively from bio-based contents of 15 wt %. From this point, EVOs begin to act primarily as plasticizers when levels higher than 10 wt% are used. [11] A similar effect can be observed in the tensile strength of the polymers, as presented in Figure   5C . Thermogravimetric curves of EPVO-based formulations and their first derivatives are shown in Figure   7 , and parameters such as temperature of thermal events degradational and maximum degradation rate (Tmax) extracted from those curves are shown in Table 3 . Gradual addition of EVO to the blend makes it progressively less thermally stable, which is consistent with previous observations that fewer crosslinks are formed. Two main degradational events are observed in the weight-loss curve of the blends:
the first event is associated with the liberation of low molecular weight species that are not connected to the network such as unreacted curing agent. This event is directly affected by the EVO content, demonstrating that less molecules of the curing agent are getting incorporated as consequence of the decreased reactivity of the system, resulting in reduced degree of curing. The latter event is the decomposition of the crosslinked network itself, which is de-bonded by the action of thermoxidative reactions.
[39] 
Composites
The production of composites was idealised to promote the recovery of the original mechanical performance of the epoxy blends that decreased due to the addition of EVO. The formulation with 10 wt % of EPVO was elected to continue the studies as it demonstrated to be the most promising in terms of balance between neat properties and the bio-based weight fraction. In this respect, composites were produced using MCF to manufacture materials with potentially reduced environmental impact that combines both bio-based and recycled streams.
Tensile performance of the composites was evaluated and the variation of Young's Modulus, elongation at break and tensile strength of the resulting materials are shown in Figure The effect of the addition of MCF was also investigated by the optics of the dynamic-mechanical properties as presented in Figure 9 . Composites prepared with MCF presented Tgs ranging from 49.2 C to 51.8 °C, which represents a discreet increase in Tg from original bio-based formulation (46.7 °C).
Most interestingly was the noticeable increase in storage modulus of the materials with the addition of MCF, which again demonstrates the improvement of properties when the reinforcement is added. Weight-loss curves of the composites revealed a similar thermal behaviour compared to the unfilled materials, where an initial weight loss event is associate with the loss of low molecular weight compounds (uncured hardener) and a second at higher temperatures related to the thermal decomposition of the cross-links. On the other hand, composites presented residues after the main decomposition events, which was directly proportional to the content of MCF used as reinforcing agent and not observed for previous formulations. This observation is a result of the higher thermal stability of the reinforcing fibres, which does not present any degradation event in this temperature range. Onset temperatures of the main degradation stage and other details regarding the thermal stability of these materials are presented in Table 4 (in comparison to unreinforced formulation with 10 wt% of EPVO) and demonstrated to be comparable to those previously reported. Therefore, the addition of this fibres does not lead to significant changes in the thermal stability of the composite in comparison to the original polymers.
Conclusion
Thermoset polymers and composites were successfully prepared from virgin, waste and purified vegetable oil samples (rapeseed/palm) blended with commercial epoxy resin based on DGEBA cured with amine-based hardener. These materials characterise the first successful use of such material in this field. Although waste oil-based resins showed poorer tensile properties than the analogous materials from neat and purified oil and produced materials notably more ductile, the use of purified oil-based resins proved to cause no significant sacrifice in mechanical properties in comparison to neat oil when used up to 10 wt %, whilst addition of levels above 15 wt % made the plasticizer character due to proportionally fewer and less reactive oxirane rings as observed by DMA. The addition of recycled carbon fibres permitted achieve and further improve the initial properties of the commercial resin from the addition of 5 wt % of recycled carbon fibres onwards. The best tensile properties were achieved when 30 wt % of fibres were used. In conclusion, this work demonstrates the potential valorisation of WVO through its use as an alternative source of triglycerides for traditional oleochemistry and opens space for further developments in this area of waste oil-based materials.
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